Introduction
Diet-induced obesity is associated with a range of metabolic abnormalities in response to nutrient overload, oxidative stress, and genetic factors. Dietary fat composition is a key variable that influences the etiology of obesity in part by targeting gene expression in metabolic tissues such as the liver, skeletal muscle, and adipose. For example, mouse models show that high fat diets exacerbate inflammatory gene expression in adipose tissue, which potentially contributes to an impairment in glucose and insulin sensitivity. [1, 2] In contrast, the inclusion of n-3 polyunsaturated fatty acids (PUFA) in a high fat diet improves adipose tissue DOI: 10.1002/mnfr.201800219 inflammation and whole body metabolism. [3, 4] Therefore, understanding how dietary fat composition regulates gene expression is essential for establishing the mechanistic underpinnings by which obesity promotes metabolic aberrations.
Central to the control of essentially all physiological systems is the unitary function of the hypothalamic-pituitary (H-P) axis. In considering the full physiological effects of obesogenic markers, addressing the potential for obesity to affect the functions of the H-P axis becomes significant. Indeed, diet-induced obesity is associated with altered sensitivity of the hypothalamus to peripheral satiety and adiposity signals which may contribute significantly to the pathophysiology of the disease, [5] and could conceivably perturb the function of the hypothalamus in regulating pituitary hormone production. The hypothalamus receives input from the periphery and the central nervous system in the form of cytokines, neurotransmitters, hormones, and different metabolites. In response to these signals, the hypothalamus secretes multiple hormone releasing factors or suppressors that control the synthesis and release of hormones from the anterior pituitary gland, which in turn impact peripheral tissue function in a wide range of systems. These hormones include growth hormone (GH), prolactin (PRL), thyroid-stimulating hormone (TSH), adrenocorticotrophic hormone (ACTH), follicle-stimulating hormone (FSH), and luteinizing hormone (LH), which are synthesized by cognate cell types in the anterior pituitary. Significantly, impairments in several of these hormone axes have been associated with obesity in human cohorts, most consistently in the case of GH, in which obesity has routinely been associated with reduced circulating GH levels. [6] [7] [8] [9] Animal models have also shown impairments in GH expression, as well as reductions in the expression of GHreleasing hormone receptor (GHRHR), which mediates the release of GH from pituitary somatotropes in response to the hypothalamic GH-releasing hormone (GHRH), in association with obesogenic metabolism. [6, 7] Alterations in ACTH, thyroid hormones (T 3 and T 4 , regulated by pituitary TSH), and the gonadotropins (LH/FSH) have also been reported. [9] [10] [11] [12] [13] [14] While there has been a steady accumulation of findings supporting a model in which markers of obesogenic metabolism can impinge on H-P axis function, some elements of the model require additional resolution and completion. For example, there are additional components in the GH regulatory axis that could also be affected by obesity. The release of GH from pituitary somatotropes is governed by hypothalamic GHRH and its cognate receptor (GHRHR) expressed in pituitary somatotropes. A reduction in the expression of either of these signaling components could blunt the release of GH. In addition, feedback regulation of GH levels is mediated by hypothalamic expression of the receptor for GH (GHR). It also remains unclear whether a high fat diet (of which 45% of kcal are from fat) would be sufficient to induce these effects in wild-type mice, as previous mouse models typically employed a 60% fat diet. [7] How the presence of n-3 PUFA impinges on the outcomes of HF diet-induced obesity in the H-P axis has also not been fully addressed, which is significant in light of building evidence of the ability of n-3 PUFA to ameliorate some of the dysfunction in peripheral tissues in obesity. This question is encompassed by the broader problem of identifying the causal agents of the obesogenic environment, which may include elevated glucose, insulin, or serum lipids, and the mechanisms by which they affect the H-P axis. In the case of GH, previous studies indicate the potential for glucose and insulin to influence the suppression of GH levels. [6, 7] In light of the correlation between obesity and impaired GH axis function and the potential for n-3 PUFA to modify the effects of obesity in other contexts, this study focused on how the inclusion of n-3 PUFAs in a high fat diet influenced gene transcription of multiple components of the GH regulatory pathway in the H-P axis. The specific objective of this study was to first determine if a high fat diet enriched in milkfat impaired pituitary GH levels and if the inclusion of the monounsaturated fatty acid oleic acid (OA) or the long chain n-3 PUFAs eicosapentaenoic (EPA) and docosahexaenoic (DHA) acid ethyl esters could mitigate the effects. Parallel studies in cell culture addressed alternative factors that could influence GH levels. We subsequently determined if the high fat diets targeted the gene expression of additional components of H-P axis function and if the effects of EPA and DHA ethyl esters were distinct from those of dietary supplementation with menhaden fish oil.
Experimental Section

Animals and Diets
Male C57BL/6 mice, approximately 5-6 weeks old, were fed experimental diets for 10 weeks; a lean control diet, a high fat diet (HF), or a high fat diet supplemented with either oleic acid (HF-OA), eicosapentaenoic acid (HF-EPA), or docosahexaenoic acid (HF-DHA) ethyl esters (Envigo). Ethyl esters, purchased from Cayman, had greater than 90% purity as verified by a third party using blinded samples. The control diet was a 5% fat by weight diet enriched with soybean oil. The high fat diets contained 45% of total kcal from fat with anhydrous milkfat as the primary fat source. OA, EPA, or DHA ethyl esters accounted for 2% of the total energy. This corresponds to levels of EPA and DHA that are achievable with dietary supplementation and used in clinical trials. [15] For some studies, the lean and HF diets were supplemented with menhaden fish oil that is enriched in n-3 PUFAs. For these experiments, 2% and 1.3% of the total kcal were from EPA and DHA, respectively. The composition of the experimental diets was previously published. [16] The mice were multihoused in hot washed cages using a cob bedding on a standard 12/12 light/dark cycle with temperature regulated at 23°C. Food and water were provided ad libidum. Given that n-3 PUFAs can oxidize, the diets (stored in aliquots with a nitrogen flush) were changed every other day to prevent oxidation. Mice were routinely checked by staff in the Department of Comparative Medicine. Failure to groom and/or loss of more than 20% body weight indicated potential sickness and thereby euthanasia.
At the end of the feeding period, mice were euthanized with CO 2 inhalation followed by cervical dislocation. Hypothalami were excised from brains, and intact pituitaries were removed. Mice were euthanized in accordance with the guidelines set forth by East Carolina University Brody School of Medicine for euthanasia and humane treatment (AUP#C059b).
RNA Isolation and Quantitative Reverse Transcription-PCR (qRT-PCR)
Hypothalami and pituitaries were homogenized immediately in TRIzol (Life Technologies), and total RNA purified according to the manufacturer's protocol. Quantitative reverse transcription-PCR (qRT-PCR) was performed using SYBR-green fluorescence (SYBR Supermix, BioRad). Relative transcript levels were determined by the C t method using β2 microglobulin (β2M) mRNA as an internal control, converted to a linear function by a base-2 antilog transformation, and normalized to the control diet for each transcript. Primer sequences are shown in Table S1 , Supporting Information. Primer sequences and thermocycler parameters were optimized for 100% efficiency and unique product formation.
Western Blot Analysis of Protein Levels
To detect GH, whole protein was isolated from pituitary homogenates according to the manufacturer instructions. For experiments with GH3 cells, whole cell lysates were prepared with radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA) supplemented with a protease inhibitor cocktail (Sigma). Twenty-five micrograms of protein was resolved on a 10% polyacrylamide (37.5:1 acrylamide:Bis-acrylamide) minigel, and transferred to a PVDF membrane (Millipore). The membrane was blocked with 5% nonfat dry milk in TBST (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.05% Tween 20), and incubated with monkey anti-rGH (National Hormone and Peptide Program) overnight at 4°C. After multiple washes in TBST, the membrane was incubated with a horseradish peroxidaseconjugated rabbit anti-human IgG (DakoCytometrics) in 5% nonfat dry milk/TBST for 2 h at room temperature. Immune complexes were detected with a chemiluminescent substrate (Pierce Super Signal). To control for protein loading, blots were stripped with 25 mM glycine-HCl, pH 2, 1% w/v SDS, washed with PBS, and incubated with a mouse anti-β-tubulin antibody (a gift of Fred Bertrand, University of Alabama at Birmingham), www.advancedsciencenews.com www.mnf-journal.com followed by an HRP-conjugated goat anti-mouse secondary antibody (Pierce). The same method was applied to the immunodetection of phospho-Akt, total Akt, phospho-ERK1/2, and total ERK1/2 (cell signaling). For these assays, an HRP-conjugated goat anti-rabbit secondary antibody (Pierce) was used.
Cell Culture Experiments
The rat cell line GH3 (ATCC) was maintained in phenol red-free low glucose (5 mM) DMEM (Life Technologies) supplemented with charcoal stripped 10% fetal bovine serum (Atlanta Biologicals) and 1× penicillin/streptomycin solution (Life Technologies) at 37°C in 5% CO 2 . Ten million cells were plated in 6-well tissue culture plates in the above media and incubated overnight. After treatments as indicated, protein and RNA were harvested for analysis as described above. For glucose treatment experiments, cells maintained in 5 mM glucose were washed with PBS and fresh DMEM containing either 5 mM or 25 mM glucose was added and incubated for the indicated times. For insulin treatments, recombinant human insulin was added to the indicated final concentrations from a commercial stock (Sigma).
Statistical Analysis
The rationale for the sample size was based on previous qRT-PCR studies [16, 17] which showed that five mice per diet were sufficient achieve a power of 0.8 with an alpha of 0.05. Therefore, a minimum of five mice per diet were planned for the gene expression studies, which were executed with six to eight mice as indicated in the figure legends. Mice were sacrificed in cohorts to minimize cohort effects. All data sets displayed normal distributions. Therefore, significant differences in gene expression among the control, high fat, and n-3 PUFA supplemented diets were determined by ANOVA followed by post hoc Bonferroni and Tukey HSD multiple comparison tests (α = 0.05) using SPSS software (IBM), which yielded the same assignments of significance. Highly significant differences between diets are denoted by distinct labels in the data figures and as described in the figure legends. A post-hoc power analysis of the data indicated that a twofold difference was associated with a power of 90-100%.
Results
High Fat Diet Lowers Pituitary GH Levels, which are not Improved by Dietary Supplementation with OA, EPA, or DHA Ethyl Esters
We first tested the hypothesis that high fat diet-induced obesity would result in reduced Gh mRNA, and that dietary fat type would further influence pituitary Gh levels (Figure 1) . The high fat diet was supplemented with ethyl esters of OA, EPA, or DHA. The OA ethyl ester was included as a monounsaturated control. At the transcript level, the HF diet lowered Gh mRNA by 56% relative to the lean control ( Figure 1A ). The addition of OA, EPA, or DHA ethyl esters to the HF diet did not influence pituitary Gh mRNA levels, which remained low compared to the control diet ( Figure 1A ). We specifically confirmed that the HF diet also reduced pituitary GH protein levels by western blot, which showed a significant reduction with the HF diet compared to the lean control ( Figure 1B ).
Insulin and Glucose Reduce GH Levels in a Somatotrope Cell Line
Administration of the HF diet increased insulin and glucose levels in the mice used in this study, indicating reduced glucose control. [17] Given that dietary fat composition did not influence pituitary Gh mRNA levels in the obese HF diet-fed mice, we conducted cell culture studies to determine whether somatotrope GH levels could instead be modulated by insulin and glucose. Administration of insulin to the pituitary somatotrope cell line GH3 resulted in a robust canonical insulin signaling response. AKT phosphorylation was detectable within 5 min of insulin administration and peaked by 60 min (Figure 2A) . ERK1/2 phosphorylation was also detectable by 60 min after insulin administration (Figure 2A ). These results are consistent with the potential for insulin to elicit effects in the somatotrope lineage where GH is expressed. With respect to an effect on Gh, insulin lowered relative Gh mRNA levels in GH3 cells in a dose-dependent manner ( Figure 2B ). Similarly, exposure to 25 mM glucose reduced the level of Gh mRNA compared to 5 mM glucose, which was further reduced in the presence of 10 nM insulin ( Figure 2C ). Nearly identical effects on GH protein levels were observed (Figure 2D) . These findings suggest that the observed effect of HF diet-induced obesity on GH levels may be mediated by elevated circulating insulin and glucose concentrations and are less dependent on the composition of dietary fat.
Additional Components of the GH Regulatory Axis are Affected by High Fat Diet and Rescued with EPA or DHA Supplementation
We determined whether the HF diet and ethyl esters of OA, EPA, or DHA could affect their levels of expression. The HF diet resulted in a significant reduction in the levels of pituitary Ghrhr ( Figure 3A) as well as hypothalamic Ghrh and Ghr mRNA (Figure 3B) , consistent with a potential blunting of GH release and feedback control. Both EPA and DHA restored pituitary Ghrhr ( Figure 3A ) and hypothalamic Ghr and Ghrh ( Figure 3B ) mRNA to levels similar to those observed in lean controls, in contrast to the lack of effects on Gh mRNA ( Figure 1A ). This effect was not observed with OA supplementation. composition on gene expression in the hypothalamus and pituitary. In the case of the ACTH system central to the control of adrenal glucocorticoid production, mice consuming the HF and HF + OA diet showed elevated pituitary levels of the transcript for pro-opiomelanocortin (Pomc), the precursor peptide for ACTH ( Figure 3A) . The HF diet supplemented with EPA or DHA abrogated the HF diet-associated increase in Pomc expression ( Figure 3A) .
High Fat Diet Alters Transcript Levels of Multiple H-P Axis
In the context of the thyroid axis, we assayed the levels of pituitary mRNA for both subunits of TSH, the unique TSHβ subunit, and the pituitary glycoprotein hormones alpha subunit (CGα) common to chorionic gonadotropin (CG), LH, FSH, and TSH. The levels of Cgα mRNA was increased by the HF and the HF + OA diets by almost twofold, and this effect was abrogated by EPA and DHA ( Figure 3A) . The levels of pituitary Tshβ mRNA were unchanged across all experimental groups ( Figure 3A ). In the case of the gonadotropin subunits Lhβ and Fshβ, the HF diet was associated with a trend toward reduced mRNA levels and a correction by EPA and DHA, but the differences did not reach statistical significance ( Figure 3A) . However, the level of mRNA for gonadotropin-releasing hormone (Gnrh), which modulates pituitary LH and FSH release, was significantly reduced in the hypothalamus of HF diet-fed mice. This suppression was significantly reversed by EPA, but the trend toward reversal by DHA was not statistically significant ( Figure 3B ). We also determined whether the expression of the central regulator of anterior pituitary transcription POU1F1 is affected by the HF diet. Interestingly, mice fed with the HF and HF + OA diets showed increased levels of Pou1f1 mRNA that was abrogated by EPA and DHA ( Figure 3A) .
Obesity is associated with defects in the sensitivity of the hypothalamus to peripheral signals, particularly leptin and insulin, which may contribute to its etiology. Thus, we determined the effects of fat composition on transcripts encoding the leptin receptor (Lepr) and the insulin receptor (Insr) in the hypothalamus. Lepr mRNA was not affected with the HF or HF + OA diets relative to the control. However, EPA, but not DHA, increased Lepr mRNA levels compared to the control, HF, and HF + OA diets ( Figure 3B ), indicating a potential sensitivity to lipid composition. Insr mRNA levels in the hypothalamus were reduced by 50% with all of the HF diets relative to the control ( Figure 3B ), consistent with a reduced cellular sensitivity to insulin. Fish oil supplementation to a high fat diet only improves growth hormone-releasing hormone receptor levels. A) HF diet-induced suppression of pituitary Gh mRNA level is not influenced by fish oil. Effects of high fat diet alone or supplemented with fish oil on transcript levels of selected genes expressed in the B) pituitary and C) hypothalamus. Levels were normalized to the control diet mean for each transcript, and indicate mean ± SEM (n = 6 animals). Nonmatching letters indicate statistical significance (p < 0.05).
Fish Oil Supplementation Modifies the Changes in Ghrhr Gene Expression Driven by a High Fat Diet
We next determined if administration of fish oil to lean or HFfed mice had similar effects as observed for the EPA/DHA ethyl ester model. Analyses of Gh levels revealed no effect of fish oil on lean or obese animals ( Figure 4A) . None of the pituitary transcripts assayed were affected by fish oil in lean mice ( Figure 4B ). Furthermore, pituitary transcript levels that were affected by the HF diet were generally not improved with the addition of fish oil Figure 5 . Proposed model. HF diet-induced obesity caused changes in the levels of hypothalamic and pituitary transcripts (arrows) involved in multiple hypothalamic-pituitary-peripheral gland axes. Some of these changes were mitigated by n-3 PUFA in the diet. These observations indicate the potential for downstream effects on multiple corresponding peripheral tissues, and in the sensitivity of the H-P axis to endocrine feedback.
( Figure 4B ). The only notable exception was Ghrhr mRNA, which was increased by fish oil relative to its suppression by the HF diet ( Figure 4B ). In the case of hypothalamic transcripts, the HF diet showed the same effects as measured in the previous model system ( Figure 3B ) except leptin receptor levels, in which the reduction compared to lean controls reached statistical significance ( Figure 4B ). However, fish oil had no beneficial effects in either lean or obese mice on hypothalamic transcripts, although the improvement in Ghrh mRNA mediated by fish oil was nearly significant ( Figure 4B ). Overall, these cohorts recapitulate the previously observed effects of high fat diet-induced obesity on the levels of the tested pituitary and hypothalamic transcripts, and indicate that fish oil displayed less robust effects than the EPA and DHA ethyl esters.
Discussion
The findings presented here extend the understanding of dietinduced obesity by demonstrating that dietary fat composition, notably the levels of EPA and DHA, can influence the expression of several H-P axis genes that are sensitive to the effects of a high fat diet. These results provide new mechanistic targets by which EPA and DHA could exert their beneficial metabolic effects. Overall, the results of this study indicated that obesity in mice resulting from 10 weeks of exposure to a milkfat-based HF diet was associated with both increases and decreases in the expression of multiple H-P axis hormones and regulatory peptide transcripts ( Figure 5) . The gene-specific positive and negative effects of the HF diet indicate a likely diversity in the underlying regulatory processes and the involvement of specific molecular mechanisms. Future studies will address the underlying mechanistic basis for the gene-specific effects of the HF diet and n-3 PUFAs, which may involve both direct actions of dietary lipids and their metabolites, and the indirect actions of interacting pathways in the obesogenic environment.
Multiple Components of the GH Signaling Axis were Affected by a High Fat Diet
Observations in humans have identified an inverse correlation between body mass index and plasma GH levels, suggesting a mechanistic link between the obesity and GH axis suppression. The point in the GH regulatory pathway at which the suppression occurs, and the underlying mechanisms, have not been fully characterized. Several hypotheses have been proposed involving both suppression of hypothalamic GHRH synthesis and release, and the cognate somatotrope response through changes in GHRHR expression and GH expression and release. Increased expression and release of hypothalamic somatostatin (SST), which suppresses GH secretion, and its cognate somatotrope receptor (SSTR) could also be involved in the altered GH levels seen in obesity, [8, 18] although evidence in mice suggests that SST levels are unaffected by obesity. [7] These changes, each of which can affect obesity-associated GH deficiency or act in concert to exacerbate the phenotype, can be ultimately due to multiple causal agents, such as elevated free fatty acids and glucose, [6, 19, 20] or to changes in the levels of additional endocrine signals such as leptin and insulin. [8, 18] In the present study, we observed a significant reduction in GH mRNA and protein levels in HF diet-fed obese mice, consistent with effects at the level of Gh gene transcription. Interestingly, this effect was independent of effects of POU1F1, which increased in mRNA levels in the obese cohort. POU1F1 (also known as Pit-1) is a pituitary-specific transcription factor essential for the activation of multiple anterior pituitary hormone genes, including Gh, Tshβ, and prolactin (Prl), as well as the autoactivation of the Pou1f1 gene itself. [21] [22] [23] [24] [25] Previous studies have similarly observed GH reduction independent of effects on Pit-1.
[6] Measurements of plasma insulin levels and glucose control in glucose tolerance tests showed the development of hyperglycemia and hyperinsulinemia in these mice, [17] which could underlie the reduced GH expression. Experiments in cultured somatotropes confirmed a sensitivity to insulin as indicated by canonical insulin-stimulated AKT and ERK1/2 phosphorylation, and that both insulin and elevated glucose could additively repress GH expression at the mRNA and protein levels. Thus, elevated plasma glucose and insulin levels associated with obesity may contribute to GH deficiency by directly repressing Gh gene expression. These data in part reinforce findings in other systems of a blunting of pituitary Gh expression by insulin. [6, 7] Interestingly, recently published work reported a connection between dietary n-6 and n-3 PUFA levels and both positive and negative changes in hypothalamic transcripts that appear to be mediated by insulin signaling, [26] suggesting a potentially broader role for insulin in mediating the effects of dietary lipids in the H-P axis.
While reduced Gh expression would be sufficient to suppress circulating GH levels, we also observed a reduction in pituitary Ghrhr mRNA, indicating the potential for a reduced sensitivity to hypothalamic GHRH, which could blunt the stimulation of pituitary GH release. Significantly, we also observed a reduction in expression of the hypothalamic Ghrh ligand itself, which has not been seen in previous studies. The reduced GHR expression observed in hypothalamus of obese mice further indicates the potential dysfunction of regulatory feedback circuits in the H-P www.advancedsciencenews.com www.mnf-journal.com axis, and has also not been previously observed. Significantly, the findings in our system were consistent with observations in primate and mouse models, which also pointed toward a repressive effect of lipid exposure and insulin on GHRHR expression. [6, 7] Taken together, these observations reinforce a model in which reductions in the expression of multiple components of the GH signaling axis may contribute to obesity-associated GH deficiency.
A High Fat Diet-Induced Changes in mRNA Levels in Multiple Pituitary Hormone Axes
Sufficient material remained to expand our analysis to additional pituitary hormone axes that have been shown to be altered with obesity in human or animal models. In the context of the adrenal axis, the transcript for POMC (the precursor to ACTH) was elevated significantly in HF diet-fed mice ( Figure 3 ). The roughly fourfold increase was the greatest magnitude of effect that we observed among the genes assayed and indicates a significant activation of this gene by the obesogenic environment. POMCexpressing neurons in the hypothalamus and other brain regions play a role in the regulation of energy balance, such that an obesity-associated alteration of Pomc gene expression could indicate the potential for significant metabolic outcomes, in addition to impinging on the adrenal axis. [27] POMC-derived peptides have also been shown to blunt the negative feedback of hypothalamic CRH and pituitary ACTH release by adrenal glucocorticoids, which could exacerbate ACTH-mediated adrenal activation. [27] An increase in POMC transcripts as we observed in response to the HF diet-induced obesity could thereby amplify ACTH and subsequent glucocorticoid release.
In the case of the gonadotropic axis, HF diet-induced obesity was associated with a reduction in hypothalamic Gnrh mRNA, indicating a potential blunting of GnRH-stimulated pituitary FSH and LH release. In addition, of the genes for the FSHβ and LHβ subunits of FSH and LH (each of which are heterodimers sharing a CGα subunit in their active forms), Lhβ mRNA was reduced in obese cohorts while Fshβ was unaffected by the HF diet. Interestingly, Cgα mRNA levels increased in the obese animals. Thus, despite effects on the levels of multiple transcripts, not all genes assayed were affected by the HF diet, and the nature of the effect was gene-specific. This observation points toward a specific transcriptional or epigenetic mechanism that selectively affects gene transcription. In further support of specificity, the levels of mRNA for the TSHβ subunit of TSH were also unaffected by the HF diet.
A High Fat Diet Reduced Hypothalamic Insr and Lepr mRNA Levels
The development of resistance to peripheral signals that play a central role in the regulation of food intake and energy expenditure, in particular leptin and insulin, has emerged from studies of the molecular basis for hypothalamic dysfunction in obesity as a likely major contributor to its etiology. Through this mechanism, a blunted hypothalamic response to circulating satiety and adiposity signals could exacerbate the trend toward obesity. In the present study, HF diet-fed obese mice showed reduced Insr and Lepr transcript levels, consistent with the potential for reduced sensitivity of the hypothalamus to circulating insulin and leptin ( Figures 3B and 4C ).
EPA and DHA Ethyl Esters Rescue HF Diet-Mediated Changes in Specific Hypothalamic and Pituitary Gene Transcripts
Gene expression is a major mechanistic target of n-3 PUFAs. For example, n-3 PUFAs can function as ligands for peroxisome proliferator-activated receptors (PPARs), which are DNAbinding factors that regulate multiple metabolic pathways. [28] [29] [30] They may also function as ligands for specific G-protein coupled receptors (GPCRs), which can signal downstream transcriptional responses. [31] [32] [33] The rationale for studying the effects of EPA and DHA was driven by data showing that n-3 PUFAs can mitigate some of the pathophysiology of obesity and neuroinflammation, in part by the suppression of proinflammatory pathway gene expression in the hypothalamus. [34] [35] [36] These previous findings suggested the potential for general effects on gene expression in the H-P axis.
While we observed the suppression of pituitary Gh expression by HF diet-induced obesity, we did not find pituitary Gh mRNA levels to be influenced by specific fat composition within the HF diet. While the effects of HF diet on Gh levels were consistent with increasing evidence of dysregulation in the H-P axis associated with obesity in human cohorts and rodent models, resolution of the mechanisms underlying these connections remains incomplete. Despite the apparent insensitivity of Gh mRNA levels to n-3 PUFAs in our mouse system, the cell culture studies suggested that elevated levels of glucose and insulin may be driving the reduction in GH, which is supported by the impaired glucose control exhibited by these mice. [17] In contrast to the negative findings with Gh, our data showed that EPA or DHA abrogated the HF diet-mediated suppression of hypothalamic Ghrh, Ghr, and Gnrh transcript levels. In the case of Lepr, while the HF diet did not suppress expression, the presence of EPA significantly increased the level. The parallel actions of EPA in the HF diet on Gnrh and Lepr expression are notable, as Gnrh has been proposed to be regulated by leptin signaling through NPY neurons, in a manner that is blunted in obesity. [14] In the pituitary, while n-3 PUFA had no effect on the Gh mRNA level, EPA and DHA mitigated the effects of HF-diet on Ghrh, Pou1f1, and Cgα transcripts. These observations indicate that the presence of n-3 PUFA can influence the effects of a HF diet on transcription of multiple physiologically significant H-P axis genes. While this initial study focused on key genes, informed by observed correlations between obesity and changes in specific pituitary hormone axes in humans and experimental animals, an unbiased transcriptome-wide approach would allow a more complete analysis of potential common pathways that could identify the discrete mechanisms of high fat diet and n-3 PUFA effects in the H-P axis.
Consistent with the potential for direct actions of n-3 PUFA in the H-P axis, studies in rodents show that dietary administration of n-3 PUFAs increases the levels of EPA and DHA in the www.advancedsciencenews.com www.mnf-journal.com hypothalamus and other brain regions. [26, 34, [37] [38] [39] [40] [41] [42] [43] Given that we had very limited tissue from each animal, we were unable to assay for EPA and DHA levels in the pituitary and hypothalamus, although this is a future experimental goal. An additional limitation of this study was the lack of information regarding circulating hormone levels, which is also an important future objective.
EPA and DHA Ethyl Esters were More Effective than Fish Oil in Targeting Gene Expression
There is increasing evidence that one major limitation in the translation of n-3 PUFAs into the clinic for a range of metabolic and inflammatory diseases is driven in part by limited evidence of differential effects of EPA and DHA. [44] Our data highlight the notion that EPA and DHA individually are not identical as seen with at least two genes in which EPA, but not DHA, abrogated the HF diet-mediated effect (Gnrh and Lepr). This is likely due to the different structures of these n-3 PUFA that influence downstream production of lipid mediators and targeting of transcription factors that can mediate gene expression. GnRH and LEPR are of high interest for future causal studies given that our recent studies suggest that long-term administration of EPA, but not DHA, improves fasting insulin and the HOMA-IR index. [45] An additional advancement from this study is that in contrast to the pure n-3 PUFA ethyl esters, fish oil was not as effective in mitigating the changes observed with the HF diet, as only Ghrhr transcript levels were affected by fish oil. Given that fish oil has ingredients outside of EPA and DHA, it is possible these agents are preventing the effects of EPA and DHA. Alternatively, the EPA/DHA (3/2) ratio in fish oil may not be adequate to elicit a response.
In conclusion, data from this study indicate that HF dietinduced obesity can modify pituitary hormone regulatory pathways, and indicate the potential for effects on multiple peripheral systems. These include GH signaling in liver and skeletal muscle; leptin and insulin feedback to the hypothalamus; and control of the thyroid, adrenal gland, and gonads ( Figure 5 ). These effects are differentially modified by the presence of the n-3 PUFAs EPA and DHA in the HF diet, which had incompletely overlapping effects on a subset of the genes. Fish oil did not replicate the actions of EPA/DHA, but had a more limited range of effects on the analyzed genes. These observations may underlie some of the correlations observed between obesity and altered pituitary hormone levels.
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